Abstract. A simple and sensitive assay for adenosine 3':5'-cyclic monophosphate (cAMP) has been developed that is based on competition for protein binding of the nucleotide, presumably to a cAMP-dependent protein kinase. The nucleotide-protein complex is adsorbed on a cellulose ester filter. Assay conditions are such that a binding constant approaching 10-9 M\1 is obtained, and the assay is thus sensitive to 0.05-0.10 pmol of cAMP.
a heat-stable protein, an inhibitor of the cAMP-dependent protein kinase,14"15 increased the affinity of the cyclic nucleotide for the enzyme. 'A protein kinase from muscle was chosen for investigation because of its favorable binding constant for cAMP. 16 It was readily determined that cAMP-dependent protein kinase and cAMP-binding activities from muscle extracts could be quantitatively adsorbed on cellulose ester (Millipore) filters. The binding of cAMP to specific proteins from Escherichia coli and the adrenal cortex has recently been studied on Millipore filters. 17'18 This simple means for estimating cAMP binding may be utilized for assay of unknown quantities of the cyclic nucleotide in deproteinized tissue extracts. As little as 0.05-0.10 pmol of cAMP can be detected; thus, less than milligram quantities of many tissues are sufficient for assay.
Materials and Methods. cAMP-dependent protein kinase: Two purification schemes have been employed-a more extensive one to characterize the protein and a simplified method for routine use. Procedures are patterned after those of Walsh et at.9 and Miyamoto et al."' Fresh bovine muscle was prepared as described" through the ammonium sulfate precipitation step. This fraction, from 250 g of muscle, was applied to a column of DEAE-cellulose (Whatinan DE 11, 1 meq/g; 32 X 2.6 cm), previously equilibratcd with 5 At equilibrium, the mixtures were diluted to 1 ml with cold 20 mM potassium phosphate, pH 6; 4-5 min later they were passed through a 24-mm cellulose ester (Millipore) filter (0.45 Am) previously rinsed with the same buffer. The filter was then washed with 10 ml of this buffer and placed in a counting vial with 1 ml of Cellosolve, in which the filter readily dissolves. A scintillation mixture of toluene-Cellosolve (3:1) plus fluors was utilized, and efficiency was approximately 30% (10,750 cpm/pmol). Bowud counts were independent of filtration speed and the volume of rinse from 3 to 20 ml. The blank in the absence of binding protein was 20-50 cpm.
For the assay of cAMP, [(H]cAMP was utilized at 10-20 nM (0.5-1.0 pmol/50 Al) in the presence of the inhibitor or 40 nM in its absence. These are saturating concentrations of cAMP, and the effect of added unknown or standard cAMP solutions could thus be evaluated from a linear, and nearly theoretical, decrease in the total bound [3H]-cAMP.
Protein-kinase inhibitor assay: The inhibitor preparation may be assayed in the cAMP-dependent protein kinase reaction or by its enhancement of [3H]cAMP binding at submaximal concentrations of the nucleotide.
Tissue extracts: Tissue samples were homogenized in 1 ml of 5% trichloroacetic acid, and supernatants were extracted 5 times with 2 volumes of ether after the addition of 0.1 ml of 1 N HCl. The eltracts were then dried and redissolved in 50 mM sodium acetate, pH 4.
Results. The choice of the DEAE peak ( Fig. 1 ) of binding and protein kinase activity to use in this assay (DEAE II) was made because of its apparent greater purity and because of a slightly greater affinity for cAl\IP (data not shown). The first peak of activity (DEAE I) had the advantage of little dependence of binding affinity and total binding sites on pH. An additional small peak(s) of binding and kinase activity between DEAE peaks I and II may be seen in Fig. 1 Garren,18 who have independently discovered a procedure similar to the one reported here for assessing binding activity. The effect of pH on the binding of sub-and supra-maximal concentrations of cAMP to the protein is shown in Fig. 2 . A very high affinity is apparent at pH 4, and, in addition, an effect of pH on the total number of available sites is evident. This latter fact would seem to indicate heterogeneity of binding sites on one (or more than one) protein in the system. The presence of the inhibitor fraction did not change the pattern of results, although more total binding sites are available in its presence. An explanation for this phenomenon will be offered below. The inhibitor preparation itself did not bind cAMP to the filter. A similar decrease in binding affinity and no change in total binding sites are seen from pH 5 to 7 in phosphate buffer (data not shown), although affinity was higher in phosphate than in acetate at overlapping points. No differences were seen with Na+ or K+ as the monovalent cation.
Data from which the binding constant may be evaluated are presented in The kinetics of the attainment of equilibrium at 00C are shown in Fig. 4A . A 60-mm incubation was sufficient at all concentrations examined. In the absence of the inhibitor fraction, a slow decline (I5%/hr) in cAMP bound was evident at 20 nM (data not shown) and 40 nM concentrations. This effect was markedly accentuated at 30o C and appeared to be due to protein denaturation.
The addition of the inhibitor preparation resulted inl complete stability of the plateau at 0aC. The reverse reaction was studied both by dilution (data not shown) and by the addition of a large excess of unlabeled cAMP (Fig. 4B) with similar results. In both cases, in the absence of the inhibitor, approximately 10-20% of the total bound [3H]cAMP was released with great rapidity (<1 min) and was relatively independent of the extent of dilution. This mysterious phenomenon was not seen when the inhibitor fraction was present and may be the explanation for the greater number of binding sites seen when the inhibitor is included in the standard assay (where reaction mixtures are diluted prior to filtration). The reverse reaction was first order, with a half-time of approximately 7 hr at 00C, in the absence of the inhibitor and was somewhat slower in its presence.
While Mg++ was not required for binding, and had little effect on the binding constant at pH 4, it did significantly increase the forward and reverse reaction rates. The latter effect is shown in Fig. 4B . Table 2 demonstrates the effect of nucleotides and related compounds on cAMP binding. As might be expected, other 3':5'-cyclic nucleotides are most effective. However, mammalian tissue levels of cGMP are not sufficiently high to interfere.21 '22 Of great pragmatic significance is the fact that ATP had only a 50% inhibitory effect at 1 mM and virtually no effect at 0.1 mM. Effects of these nucleotides in tissue extracts thus should not be seen if such extracts are assayed at 10-to 50-fold dilutions (depending on the tissue). Similar effects of nucleotides were observed when examined with 20 nM cAM\1P in the presence of the inhibitor preparation. Represeptative assay data are shown in Table 3 , and tissue levels obtained are in reasonable agreement with those in the literature.23 More importantly, the There are also advantages to be gained from the inhibitor preparation, even when the modest increase in sensitivity it provides is not required. The increased stability of the equilibrium plateau and the altered characteristics of the reverse reaction are favorable conditions which probably contribute to the improved and excellent replication seen with inhibitor. Routine use of this preparation is thus recommended, despite the lack of appeal in using this crude fraction.
While there was no apparent need to purify tissue extracts to remove interfering materials in the tissues investigated, it is possible that some tissues will prove (when appropriate controls are performed) to require such treatment. Exogenous interfering compounds may also be added. In such cases where purification (and loss) of cAMP from tissue is necessary, the addition of [3H]-cAMP (or other label) to the tissue extract, as in other assays, allows use of this methodology.
The recent discovery24 of protein kinases more sensitive to cGMP suggests that a similar assay may be possible for this nucleotide. However, examination of the relative effectiveness of cGMP and cAMP to stimulate these enzymes, and the relative tissue levels of the two nucleotides, suggests that their separation from each other will be essential prior to such an assay.
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